ABSTRACT West Nile fever (WNF) is endemic in Israel. In 1999, country-wide adult mosquito surveys were initiated and intensiÞed after the 2000 country-wide outbreak of WNF in humans. In 8 consecutive yr, groups of male and female specimens of different species and from different locations were tested for infection with West Nile virus (WNV). Three species made up Ͼ87% of the total catch: Culex pipiens L. (52%), with an infection rate (IR) of 0.5; Cx. perexiguus Theobald (20%), with an IR of 2.7; and Aedes caspius Pallas (15%), with an IR of 0.6. The geographical and temporal distribution of WNV-infected mosquitoes was similar but was not parallel to the seasonal abundance of the populations. The seasonal occurrence of human cases is in correlation with the Þnding of WNVpositive mosquito specimens reaching a peak 1 mo later than the mosquito peak. The relative importance of the mosquito species in the epidemiology of WNF is discussed. Cx. perexiguus is considered the major vector of WNF in Israel.
West Nile fever (WNF) is a zoonotic viral disease that had been restricted to the Old World and caused large outbreaks especially in Romania and Russia during the mid-to late 1990s (Tsai et al. 1998 , Hubalek and Halouzka 1999 , Platonov et al. 2001 , Murgue et al. 2001 . The appearance of the virus in North America in 1999 raised major global concern and interest (Hayes 2001 , Dauphin et al. 2004 , Zeller and Schuffenecker 2004 , Kramer et al. 2008 . Early records of WNF in Israel were from the 1950s, and a major outbreak occurred in 1957 (Goldblum 1959) . In the 1970s, sporadic cases were recorded (Flatau et al. 1981) , and in 1980, there was an outbreak in a military base in southern Israel (Katz et al. 1989) . A vast outbreak in geese farms was detected in 1997 (Malkinson et al. 2001) , and in 1998, a few geese breeders were infected with WNF. In 1999, there were a few human cases in the Eilot region (southern Israel) and then two cases in Tel-Aviv. A large scale human outbreak occurred in the summer of 2000, with 400 conÞrmed cases (Bin et al. 2001 , Weinberger et al. 2001 ). This epidemic was associated with a significant increase in the incidence of West Nile virus (WNV) among animals and birds, especially among horses and geese (Bin et al. 2001 , Malkinson and Banet 2002 , Steinman et al. 2002 .
Mosquitoes are considered the principal vectors of WNV, which has been isolated from Ͼ70 species (Goodman et al. 2003 , Chevalier et al. 2004 ). Mosquitoes of the Culex pipiens L. complex are regarded as the most important vectors in Europe (Hubalek and Halouzka 1999 , Savage et al. 1999 , Tsai et al. 1998 , Esteves et al. 2005 and in the eastern coast of the United States (Campbell et al. 2002 , Kilpatrick et al. 2005 , whereas the important vector in Africa is Culex univittatus (Miller et al. 2000 , Jupp 2001 .
In Israel in 1964 Ð1966, WNV was detected in 1/193 pools of Anopheles coustani (ϭAn. tenebrosus) and 5/213 pools of Culex univittatus (ϭCx. perexiguus) and not in 454 pools of Cx. pipiens molestus tested (Nir et al. 1968) . The Þnding of WNV in migratory and local birds indicated the course of the zoonotic cycle (Nir et al. 1967) .
In a later study conducted in 1967 and 1968, 3/204 pools of Cx. univittatus and 2/443 pools of Cx. pipiens molestus were found positive for the virus (Nir et al. 1972) . Later reports on the rates of mosquito infection from pools containing 100 Ð500 insects collected in southern Israel were 1/4,824 Cx. univittatus and 2/67,621 Cx. pipiens (Samina et al. 1986 ).
This paper summarizes an 8-yr study on mosquito vectors and WNV transmission in Israel. It depicts the temporal and spatial distribution of mosquito species and their relative WNV infection rates in relation to human cases of WNF.
Materials and Methods
Entomological Sampling. In the framework of the governmental anti-mosquito control operations in Is-rael, countrywide surveillance of adult mosquitoes started in 1999. Mosquitoes were caught with modiÞed miniature CDC light traps (1012 model; J. W. Hock Co., Gainesville, FL). Mosquito trapping and collections were carried out by the Pest Control Unit of the Ministry of Environmental Protection. Trapping sites varied according to the location of mosquito breeding sites and their relevance to control activities, and information on WNF cases and was contingent to the personnel employed. It was not always possible to collect mosquitoes repeatedly from the same localities. In the Þrst 2 yr of the study (1999 and 2000) , there were relatively few adult mosquito collections. A standard pattern of collection was established in 2001, and CO 2 -baited traps (Ϸ1 kg dry ice per trap) were used since 2002.
Specimen Processing. The mosquitoes were brought directly to the Laboratory of Entomology, Ministry of Health in Jerusalem. Species were identiÞed on laboratory chill tables (1431; BioQuip Rancho, Dominguez, CA) under a dissecting microscope. Only live mosquitoes were grouped in pools according to location, species, and sex and stored at Ϫ80ЊC until tested for WNV. For each species, the difference between the total number of specimens and the number tested was determined by the survival in the traps. The majority of pools comprised 50 specimens. Smaller pools were also examined when catches and/or survival of mosquitoes were low. For testing, mosquito pools were transported on dry ice to the National Center for Zoonotic Viruses, Central Virology Laboratory, Tel-Hashomer, and detection of the virus was as described by Lanciotti et al. (2000) and Shi et al. (2001) . Each pool was homogenized in a Spex-CentriPrep (Meutuchen, NJ) Mixer Mill, followed by total RNA extraction by Qiagen Mini Kit according to manufacturer instructions. WNV ENV (NS3 and NS5, optional) genes were ampliÞed with speciÞc primerprobe sets by TaqMan RT-polymerase chain reaction (PCR), in a Real-Time ABI Prism 7700 machine. The spatial distribution of Cx. perexiguus and Cx. pipiens was mapped with Arc View (version 3a).
Human cases from 1999 to 2006 were diagnosed by serological ELISA (Bin et al. 2001) ; the number of cases was obtained from the Central Virology Laboratory records for 1999 Ð2006.
Data on monthly averages of minimal and maximal temperatures were obtained from the Annual Israeli Statistical Bulletin, published in Hebrew by the Israeli Central Bureau of Statistics (http://www.cbs.gov.il/ reader/).
Analysis and Statistics. Infection rate (IR, ratio of positive mosquitoes to number of mosquitoes tested per 1,000 specimens) was calculated monthly for each species. Mosquito abundance was calculated per month and year for each species by dividing the total number collected by the number of traps used. The potential of WNV transmission risk (PTR) was calculated for each mosquito species by relating abundance to infection rate. Statistical tests were carried out on the mosquito data of 2002Ð2006 using SPSS 16 (SPSS, Chicago, IL). The nonparametric Mann-Whitney test for independent samples was used for comparison of IR among the mosquito species. PearsonÕs correlation coefÞcient was calculated to assess the following: (1) relations between the annual abundance of the mosquito species, WNV IR, human cases, and average annual temperature; (2) assessment of WNV IR according to season, mosquito species, and population size; (3) Determination of the correlation between the PTR of each mosquito species and the monthly human WNF incidence. One-way analysis of variance (ANOVA) and post hoc tests were used to assess signiÞcant variation in IR values between months for each species.
Results
Mosquito Species. Altogether, Ϸ430,000 specimens belonging to 6 genera and 33 species were collected. They included 12 Culex spp., 9 Anopheles spp., 7 Aedes spp., 3 Culiseta spp., and 2 Uranotaenia spp. Table 1 summarizes the complete list of the species, and for each species the number of males and females collected, the number of specimens tested for WNV presence, and the number of positive pools and IR. Cx. pipiens specimens comprised Ͼ50% of the catch, Cx. perexiguus were 20%, and Ae. caspius were 15%. Males were Ͻ4% of the total catch. With regard to the remaining species: An. sergenti, An. tenebrosus, and Cx. antennatus were trapped in considerable numbers, but the majority did not survive in the traps, so WNV testing was done only on a relatively small portion of the specimens collected. Ae. albopictus was found for the Þrst time in 2002 and since then was repeatedly caught in several locations. Their number was usually low, and the specimens were seldom suitable for WNV testing (Table 1) .
WNV IRs. All male mosquitoes (4,108 belonging to 12 species) tested for WNV were negative. A total of 153,769 females belonging to 17 species were tested. Virus-positive females were found in four Culex species and one Aedes species (Table 1) . Positive Cx. antennatus and Cx. poicilipes were found only in a catch from the Hula Valley in August 2002 that followed an exceptional increase of mosquito populations in the region. The majority of WNV infections were found in the three most common species: Cx. pipiens, Cx. perexiguus, and Ae. caspius. Annual data on number of trapped specimens, percentage of tested mosquitoes, number of traps per nights, detailed summary of rates of WNV infection in each of the three common species, and annual numbers of WNF in humans are presented in Table 2 .
In 1999 (P ϭ 0.990; N ϭ 5; P Ͻ 0.001); a signiÞcant correlation was found between Cx. perexiguus and Ae. caspius WNV IRs (P ϭ 0.938; N ϭ 5; P ϭ 0.018) and Cx. pipiens and Ae. caspius WNV IRs (P ϭ 0.885; N ϭ 5, P ϭ 0.046). No signiÞcant correlation was found between yearly mosquito abundance and WNV IR (Cx. perexiguus: P ϭ Ϫ0.644; N ϭ 5; P ϭ 0.241; Cx. pipiens: P ϭ Ϫ0.607; N ϭ 5, P ϭ 0.278). A slight negative correlation was found for Ae. caspius (P ϭ 0.874; N ϭ 5; P ϭ 0.053). No correlation was found between WNV IRs of any of the species and the yearly number of human cases. None of these parameters were signiÞcantly correlated to temperature.
Spatial and Temporal Distribution of WNV Infections. Since 2001, the three most common mosquito specimens were collected from the majority of trapping sites (412 of In this study, WNV-positive mosquitoes were found in most parts of the country and in 50/412 of the monitored sites (Fig. 1) . Positive Cx. perexiguus, Cx. pipiens, and Ae. caspius were found in 36, 25, and 6 sites, respectively. There were two consistent observations in the spatial distribution of infected mosquitoes in 2001Ð2005: (1) they were found only in catches from altitude Ͻ300 m; and (2) only positive Cx. perexiguus were found in the Arava region (Southern Rift Valley), although catches from this region also included specimens of Cx. pipiens. In 2006, positive Cx. pipiens were found also in Jerusalem (altitude of Ϸ700 m) and in the Arava.
In general, the mosquito populations in the cooler season were small. None of the very few winter-caught Cx. perexiguus (97) were found positive nor any of the 2,809 Cx. pipiens or 1,630 Ae. caspius. Cx. perexiguus populationsÕ increase began in May (Fig. 2A) . Positive females were found from July to November, reaching a peak in August. The IRs ranged from 2.1 in June to 3.7 in August, with no signiÞcant difference between the months (F ϭ 0.791; df ϭ 24, 4; P Ͼ 0.5). Positive Cx. pipiens females were found from May to November, peaking in August (Fig. 2B) . IRs of 1.2 and 1.1 were recorded in August and September; in the other 5 mo, IRs ranged between 0.2 and 0.4. IR values in August and September were distinctly higher, but their statistical difference was insignificant (F ϭ 1.459; df ϭ 28,6; P ϭ 0.228). Ae. caspius, populations were more or less evenly distributed throughout the year (Fig. 2C) , and their IR values that ranged between 1.0 and 2.3 in the months July to October were statistically similar (F ϭ 0.511; df ϭ 11,3; P ϭ 0.683). A highly signiÞcant correlation (P Ͻ 0.001) was found between the monthly IRs of Cx. perexiguus and the other two species (Cx. pipiens P ϭ 0.574; N ϭ 43; and Ae. caspius P ϭ 0.851; N ϭ 32), but no correlation was found between monthly IRs of Cx. pipiens and Ae. caspius (P ϭ 0.199; N ϭ 39; P ϭ 0.25). No signiÞcant correlation was found between the temporal distribution of IRs for each species and its population abundance (Cx. perexiguus: P ϭ 0.190; N ϭ 45; P ϭ 0.222; Cx. pipiens: P ϭ 0.020; N ϭ 55; P ϭ 0.833; Ae. caspius: P ϭ 0.128; N ϭ 39; P ϭ 0.436).
Temporal Correlation Between the Potential Transmission Risk and WNF Human Cases. Figure 3 summarizes the temporal distribution PTR of Cx. perexiguus, Cx. pipiens, and Ae. caspius, superimposed on the seasonal human WNF incidence (2000 Ð2006). More than 85% of the 747 known human cases occurred between August and October, with the highest number in September (48.5%). A highly signiÞcant correlation was found between Cx. perexiguus PTR and WNF incidence (P ϭ 0.798; N ϭ 12; P ϭ 0.002), whereas signiÞcant values were found for Cx. pipiens (P ϭ 0.675; N ϭ 12; P ϭ 0.016) and Ae. caspius (P ϭ 0.586; N ϭ 12; P ϭ 0.045). The peak of transmission risk for Cx. perexiguus and Cx. pipiens preceded the peak of WNF incidence by 1 mo.
Discussion
Our results identify three mosquito species, Cx. perexiguus, Cx. pipiens, and Ae. caspius, as vectors of WNV in Israel. Both Culex species are known as vectors of WNV, whereas our study is the Þrst evidence that the prevalent Ae. caspius, which is a palaearctic species (Becker 2003) , is also a probable vector of the virus in Israel.
The taxonomic status of Cx. pipiens and Cx. perexiguus is complicated. Cx. pipiens populations in Israel were referred to as Cx. molestus Forskål in the 1950s and 1960s (Tahori et al. 1955 , Peleg 1965 , as Cx. pipiens molestus in the 1970s (Nir et al. 1972 ) and as Cx. pipiens since the 1980s (Samina et al. 1986 ). According to Vinogradova (2000) , Cx. pipiens molestus mosquitoes should be considered as a physiological and behavioral variant within the Cx. pipiens complex. Nudelman et al. (1988) showed that the Israeli Cx. pipiens populations exhibit a mixture of characteristics of different strains of the complex. However, we have adopted the latest terminology and refer to the Israeli populations as Cx. pipiens.
The mosquitoes deÞned as Cx. perexiguus in this study were formerly considered as Cx. univittatus. However, Harbach has clariÞed that Cx. univittatus is restricted to the temperate highlands of East and South Africa and Yemen, whereas Cx. perexiguus inhabits arid areas in southern Europe, North and East Africa, the Middle East, and extending to India (Harbach 1988 (Harbach , 1999 . Consequently, older records of Cx. univittatus from Israel should now be considered as Cx. perexiguus. 
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Cx. molestus Forskål (ϭpipiens) has been considered the main vector of WNF in Israel since the 1950s (Oleynik 1952) , and experiments showed that this species is an effective transmitter of the virus (Tahori et al. 1955 , Peleg 1965 . It was found later that Cx. univittatus (ϭperex-iguus) also plays a role in transmission (Goldblum 1959 , Nir et al. 1968 , 1972 , Samina et al. 1986 .
In this study, WNV was also found in Ae. caspius and Cx. antennatus and Cx. poicilipes. Positive Ae. caspius were found from different geographical regions of the country in 2002 and 2006. Cx. antennatus and Cx. poicilipes were each found only once in 2002 from the Hula Valley (Northern Rift Valley). These species were mentioned as WNV carriers in Africa , Chevalier et al. 2004 .
Cx. perexiguus is a superior vector of WNV in Egypt (Jupp and Harbach 1990, Jupp 2001) , in Kenya (Miller et al. 2000) , and in Portugal (Esteves et al. 2005) . Moreover, Þeld evidence suggests that natural vertical transmission of the virus occurs in this species (Miller et al. 2000) . Cx. pipiens, is considered a main vector of WNV in Europe and the United States (Hubalek and Halouzka 1999 , Tsai et al. 1998 , Kramer et al. 2008 .
The intensive mosquito survey began in 2002, after the WNF outbreak in 2000. Infected mosquitoes of the species were found throughout the country. The last year of the study, 2006, showed a change in the spatial distribution of infected mosquitoes. For the Þrst time, infected Cx. pipiens were found in Jerusalem (altitude Ͼ 700 m) and in the Arava region. In preceding years, we did not Þnd any infected mosquitoes at altitudes Ͼ300 m. It should be stressed that until then, only Cx. perexiguus was positive in the Arava/Eilot region. The highest infection rates in mosquitoes were detected in this year. Nevertheless we found no statistical correlation between the yearly data on mosquito abundance, WNV IR and human cases.
Outbreaks of WNF have a similar worldwide seasonal pattern, despite the variety of biotic and abiotic factors (Zeller and Schuffenecker 2004 , Lukacik et al. 2006 , Kramer et al. 2008 . Various explanations have been offered, one of the most discussed topics being the correlation between the timing of bird migration and WNF outbreaks (Rappole et al. 2000 , Jourdain et al. 2007 ). The spring bird migration from Africa to Europe occurs in Israel in March and April, several months before the peak of mosquito infections in August. However, fall migration from Europe to Africa only starts in August, when mosquito infection is at its peak (Leshem and Bahat 1994) . This aspect was not included in our study, and thus, our results do not indicate the involvement of bird migration in the timing of mosquito infection.
It is commonly accepted that temperature plays an important role in mosquito biology as well as in WNV proliferation and the transmission of WNV by mosquitoes . Paz (2006) attributed the outbreak of WNF in Israel in 2000 to sequential very hot and humid summers in 1998 Ð2000. According to our results, no correlation was found between annual average temperature and WNV IR in mosquitoes as WNV-positive mosquitoes were found in the same season in all regions of Israel, despite very different climatic conditions (Goldreich 1998 ). Thus, not excluding other local factors, we cannot directly attribute the patterns of WNV infection in mosquitoes in Israel to temperature.
To elucidate the relative roles of the mosquito species in WNV transmission in Israel, we compared the relative abundance, spatial and temporal distribution, and WNV infection rates of Cx. perexiguus, Cx. pipiens, and Ae. caspius. The three species were found throughout the country with overlapping distribution (Fig. 1) . Cx. pipiens is the most abundant mosquito species. In our study it comprised Ϸ50% of the total catch, whereas the rest were Cx. perexiguus (Ϸ20%) and Ae. caspius (Ϸ15%) ( Table 1) . However, positive Cx. perexiguus were found in 36 of 50 locations, whereas positive Cx. pipiens were found in 25 sites, and positive Ae. caspius only in 6 sites. Cx. perexiguus populations showed one abundance peak in August ( Fig.  2A) , and Cx. pipiens showed a prominent spring peak with stable level of abundance in the summer and fall (Fig. 2B) . Ae. capsius populations were found throughout the year (Fig. 2C) (Fig. 3) with a prominent 1-mo shift. The peak of infected mosquitoes in August preceded the peak of WNV human incidence. We assume that the delay results from the incubation period of the disease (Campbell et al. 2002) . Kilpatrick et al. (2005) analyzed the risk posed by different mosquito species in transmitting the WNV to humans, stressing the importance of abundance, infection prevalence, vector competence, and biting behavior. In view of these parameters, we can estimate the risk of WNV transmission by the three mosquito species, based on population abundance and WNV IRs. With regard to biting behavior, laboratory experiments showed all three species to be opportunistic feeders on birds and mammals. Mammal and bird blood meals were identiÞed in Þeld caught Cx. perexiguus and Cx. pipiens females (Laboratory of Entomology, unpublished data). As yet, no data on vector competence for the species in Israel are available.
In a recent publication, Kilpatrick et al. (2006) showed feeding shifts from birds to mammals in Cx. pipiens and Cx. tarsalis; Molaei et al. (2007) showed the same phenomenon in Cx. quinquefasciatus. However, Savage et al. (2007) deÞnitely stated that "feeding patterns of the dominant Culex species did not support a shift in feeding behavior from robins to mammals late in the summer." Host availability, vector behavior, and especially host preference seem to have a major impact on the seasonality of WNF transmission. Analyses of seasonal blood meals from wild mosquito populations in Israel should be carried out to elucidate these points.
Based on the results of this study, Cx. perexiguus should be considered the major WNV vector in Israel. Although Cx. pipiens is twice as abundant, the potential risk of WNV transmission of Cx. perexiguus is signiÞcantly higher (Fig. 3) . In the beginning of the season (May and June), only Cx. pipiens females were found positive; thus, its role in transmission of WNV early in the season should be considered. In addition, positive specimens of this species were found till the end of the season. The vectorial role of Ae. caspius in Israel is questionable and should be elucidated in future studies.
